Abstract -Catalytic asymmetric hydrogenation of heteroaromatics had been a formidable issue in organic synthesis. However, the catalytic asymmetric hydrogenation has remarkably progressed during the past decade. This review surveys the recent progress of the asymmetric hydrogenation of 5-membered heteroaromatics, indoles, pyrroles, furans, and benzofurans.
INTRODUCTION
Catalytic enantioselective hydrogenation of double bonds, such as olefins, ketones, and imines, is one of well-established asymmetric reactions. 1 Nowadays, the asymmetric hydrogenation is regarded as a powerful method for preparing optically active compounds. Many chiral compounds have been synthesized through the catalytic asymmetric hydrogenation in manufacturing production as well as in lab scale. Meanwhile, enantioselective hydrogenation of heteroaromatics will offer a straightforward approach to a wide range of optically active heterocycles; furthermore, multiple chiral centers can be created through the asymmetric reaction when unsymmetrical multi-substituted heteroaromatics are employed as starting materials. 2 Nevertheless, the asymmetric catalysis for the stereoselective reduction of heteroaromatics had been unexplored until recently.
Hydrogenation of heteroaromatics has traditionally been conducted by using a heterogeneous catalyst. 3 The catalytic process has been employed for preparing achiral or racemic heterocycles, and carried out with no consideration to stereoselectivity in most cases. The heterogeneous catalyst is not easy to be precisely decorated with a chiral organic molecule in order to prepare an enantioselective catalyst. 4 Consequently, realization of the asymmetric hydrogenation of heteroaromatics had required the discover of metal complex possible to be ornamented with a chiral ligand as well as exhibiting good or moderate catalytic activity. Some transition metal complexes were known to be useful as catalysts for the reduction of heteroaromatics, [5] [6] [7] but they are unsuitable for asymmetric catalysis because of their limited scope and difficulty in modification with a chiral ligand. Moreover, the hydrogenation of heteroaromatics is accompanied by loss of aromatic stabilization. 8 The resulting diminution of the resonance energy had remained the asymmetric hydrogenation a formidable issue in organic synthesis.
The first example of highly enantioselective hydrogenation of heteroaromatics was reported by Bianchini and co-workers in 1998. 9 They successfully achieved 90% ee for the catalytic hydrogenation of 2-methylquinoxaline (1) by using a chiral iridium complex 2, while no other quinoxalines were examined for the iridium-catalyzed asymmetric reduction (Scheme 1 
ASYMMETRIC HYDROGENATION OF INDOLES
To the best of my knowledge, no success in the asymmetric hydrogenation of heteroaromatics had been reported before we directed our interest to the research project. One of the reasons for no success was because metal complex suitable for developing the asymmetric catalysis had been unknown for the hydrogenation of heteroaromatics. Consequently, we started to dredge up transition metal complexes exhibiting good catalytic activity as well as easy to be decorated with a chiral ligand.
We chose indoles as the initial target because of the following reasons ( Figure 1) . Reactivity of the indole substrate can be controlled by the protecting group at its nitrogen atom. The protecting group may work as a directing group to achieve high stereoselectivity. Another reason was that indoles possess only one carbon-carbon double bond out of their benzene rings and can react with only one We evaluated the catalytic activities of various phosphine-ligated metal complexes for the hydrogenation of N-Boc-indole (5) ( Table 1) . 19 As the results of the evaluation, the hydrogenation proceeded well in Table 1 . Rhodium-catalyzed hydrogenation of 5 for the hydrogenation of olefins using homogeneous rhodium catalysts. 20 It was noteworthy that the rhodium complex chelated by bidentate bisphosphine DPPF was comparable to Rh(acac)(cod)-triphenylphosphine catalyst (entry 4). The result indicated that the rhodium catalyst could be modified with various chiral bidentate bisphosphines.
As the results of the screening of chiral bisphosphines, the hydrogenation of N-acetyl-2-butylindole (7a) proceeded with 85% ee only by using PhTRAP as a chiral ligand (Scheme 4). 21, 22 The chiral ligand PhTRAP is possible to form a trans-chelate complex, in which the two phosphine atoms are located at the trans-position of each other. 23 Use of any chiral phosphines other than PhTRAP resulted in the formation of racemic 8a. The ability to form trans-chelate complex may be crucial for the high stereoselectivity in the catalytic hydrogenation of indole. The stereoselectivity was enhanced to over 90% ee by addition of cesium carbonate to the rhodium catalyst ( Table 2 , entry 1). Cesium carbonate merely acts as a base, because no change of the yield and enantiomeric excess was occurred by use of triethylamine in place of cesium carbonate (entries 5 and 6). In the presence of base, choice of rhodium precursors has little effect on the stereoselectivity (entries 1, 3, and 5). Consequently, the additional base may be required for the generation of active catalyst species, monohydrido-rhodium(I), from the rhodium precursors. 24 Acetylacetonato ligand might work as a base when Rh(acac)(cod) was used for the catalytic hydrogenation. 25 The PhTRAP-rhodium catalyst showed high enantioselectivity for the hydrogenation of various N-acetylindoles 7b-g having a primary alkyl, an aryl, or an alkoxycarbonyl group at the 2-position (Table   3 , entries 1-6). The substituent on the benzene ring scarcely affected the enantioselectivity. However, the reaction of 2-cyclohexylindole 7h proceeded sluggishly, yielding the hydrogenation product 8h with low ee value (entry 7). The enantioselectivity was affected by the protecting group on nitrogen of the indole substrate (entries 8 and 9). When 2-alkylindole protected by tert-butoxycarbonyl (7i) or p-toluenesulfonyl (7j) group was employed as a substrate, the asymmetric hydrogenation produced the desired chiral indoline with 77-78% ee.
As with the asymmetric hydrogenation of 2-substituted indoles, a variety of 3-substituted substrates was hydrogenated in high enantioselectivity by means of the PhTRAP-rhodium catalyst.
22,26
The chiral catalyst transformed N-tosyl-protected 3-methylindole 9a into the desired chiral indoline 10a with 98% ee (Table 4 , entry 1). The chiral induction by PhTRAP was significantly affected by the N-protecting group of indole. The reaction of N-acetyl-3-methylindole gave 3-methylindoline with 84% ee, but in only 24% yield. The low yield was caused by the competitive solvolysis of the acetyl group.
Surprisingly, the hydrogenation of N-Boc-3-methylindole proceeded with only 16% ee. As shown in Table 4 , various N-tosylindolines 10 possessing a stereocenter at 3-position were obtained with high enantiomeric excess from the asymmetric hydrogenation catalyzed by the PhTRAP-rhodium complex. The removal of Boc is readily achieved under mild acidic conditions in general. However, the PhTRAP-rhodium catalyst was useless for the enantioselective hydrogenation of N-Boc-indoles as shown in Table 3 . The reaction of the Boc-protected indoles proceeded with high enantioselectivity when ruthenium was employed as a catalyst in place of rhodium. Scheme 7. Asymmetric hydrogenation of proline-modified pyrrole 17 by Tungler was subjected to hydrogenation using 5% Rh/C catalyst in methanol, yielding pyrrolidine 18 with 95% de.
However, the method using the chiral auxiliary was applied to only the reduction of (2-pyrrolyl)acetic acid.
In 2008, we disclosed a highly enantioselective hydrogenation of pyrroles. The hydrogenation of N-Boc-pyrrole-2-carboxylate 19 proceeded with good enantioselectivity by using the ruthenium catalyst generated in situ from Ru(η 3 -methallyl) 2 The PhTRAP-ruthenium catalyst showed excellent performance for the asymmetric hydrogenation of 2,3,5-trisubstituted pyrroles 21 bearing a large substituent at the 5-position (Table 6 ). The substrates 21
were fully hydrogenated to give optically active pyrrolidines 22 with high enantiomeric excess when both substituents R 1 and R 2 were methyl or primary alkyl (entries 1 and 2). The three substituents, R 4,5,6,7-tetrahydroindole 21c mainly produced monohydrogenation product 23c with 95% ee (entry 3).
The reaction of 2,3,5-triarylpyrroles 21d-h proceeded with 98-99.7% ee (entries 4-8). The substrates 21d-h were selectively transformed into dihydropyrroles 23d-h because the following hydrogenation of the cyclic enamines 23 would be obstructed by the steric repulsion between their aryl substituents.
AYMMETRIC HYDROGENATION OF FURANS
The first attempt of catalytic asymmetric reduction of furans was reported by Pyridine-phosphinite-ligated iridium complex 29a or 29b, which possess bulky electron-rich (t-Bu) 2 P group, was found to be the best catalyst for the catalytic asymmetric reaction. The iridium catalyst Albert and co-workers reported the rhodium-catalyzed asymmetric hydrogenation of 5-thyminyl-2-furoate 30, which was transformed into dideoxynucleoside 31 (Scheme 12). 34 For the asymmetric reduction, a DuPHOS-type bisphosphine, iPrButiPhane, was the most effective chiral ligand, yielding the desired cis-product 31 with 72% ee and 99% de. Surprisingly, no reduction of the thymine moiety was observed in the transformation. The reason for the high chemoselectivity is unclear. 
CONCLUSION
This review surveyed the recent progress in the catalytic asymmetric hydrogenation of 5-membered heteroaromatics. Nitrogen-containing 5-membered heteroaromatics were successfully hydrogenated with high enantioselectivity by using the rhodium or ruthenium complex ligated by a trans-chelating ligand, PhTRAP. High enantioselectivity was achieved in the hydrogenation of some furans by using the pyridine-phosphinite-iridium complex as a catalyst.
Although high degree of stereocontrol has so far been attained in the catalytic asymmetric hydrogenation of indoles, pyrroles, furans, and benzofurans, only limited heteroaromatic substrates were successfully converted into the desired chiral heterocycles with high enantiomeric excess. The limited scope might cause few applications of the asymmetric hydrogenation of 5-membered heteroaromatics to organic synthesis as compared with 6-membered ones. 35, 36 Moreover, thiophenes are remained as an unexplored target in the catalytic asymmetric hydrogenation. Further improvement of the scope of the asymmetric catalysis will be required for enhancement of the synthetic utility.
